In this study, the hardness inhomogeneity of billets during multi-passes of equal channel angular pressing (ECAP) at elevated temperatures is investigated and the effect of large strain deformation during ECAP on the hardness inhomogeneity characteristics due to dynamic aging of aluminum 6061 under a variety of temperatures and ram speed was studied by TEM and hardness measurements. The hardness results showed that the hardness distribution is more homogenous after four passes using the pressing route B c . However, when the deformation temperature was considered, performing ECAP at 100°C may provide the most homogeneous microstructure after multi-pressing as long as the total number of pressing passes is four. This indicates that a lower temperature (in the range of warm working) is favorable for achieving an ultrafine-grained/nanomaterial with a more homogenous microstructure. In order to quantify the inhomogeneity in the cross section of the as-pressed sample, an inhomogeneity index has been defined. The results show an increase in the hardness in the first pass with significant inhomogeneous deformation and a transition toward a more homogeneous structure with subsequent passes.
Introduction
Aluminum alloys are increasingly used in buildings, vehicles, and aerospace, principally for weight savings. The production of homogeneous parts is as important as the mechanical and physical properties of such parts. Today, severe plastic deformation (SPD) techniques are used to produce bulk ultrafine-grained and nanostructured materials. It has been well documented that equal channel angular pressing (ECAP) leads to considerable grain refinement in metals and alloys for the production of materials having superior properties including high strength and ductility (Ref [1] [2] [3] .
SPD processing requires the generation of dislocations and dislocation movement, which initiate inhomogeneous plastic deformation, largely due to the formation of persistent slip bands. When plastic deformation is performed on alloys, there are extra barriers for dislocation movements such as solute atoms, precipitates, nanophases, etc., and an as-processed material will be more inhomogeneous. One effective hardening mechanism is the processing of an age hardenable alloy in a dynamic aging region. Dynamic aging in alloys is due to the presence of fast diffusing solute atoms in the matrix that interact with dislocations. These interactions lead to the unsteady motion of dislocations at inter-and intra-grain boundaries, which causes the observed non-uniform deformation. New mobile dislocations are also pinned by solute atoms and precipitates during dynamic aging. Hence, the total dislocation density is considerably enhanced relative to the case of plastic deformation without dynamic aging. Inhomogeneity of strain by changing the microstructure may lead to inhomogeneity of the mechanical properties over the cross section of a final product.
Hardness measurement is a practical method for evaluating the strain and hardening level of as-processed materials. Numerous researchers have used hardness tests to evaluate the hardening and aging of aluminum alloys (Ref 4, 5) . For evaluation of inhomogeneity, the major variables in the ECAP process that should be considered are channel angle (U), outer curve corner angle (W), friction along the die-workpiece interfaces, processing route, working temperature, and pressing speed. During ECAP with a sharp corner angle die, the imposed strain is homogeneous throughout most of the billet, following the simple shear model; however, there is an inhomogeneous strain in both the top and bottom edges, related to friction, back pressure effects, and die geometry as has been revealed by experiment (Ref 6) and modeling (Ref 7) . It is well known that the strain obtained through each pass of ECAP is related to the die angles U and W from a theoretical viewpoint (Ref 8) .
This paper examines the development of homogeneity and inhomogeneity in Al-6061 processed by ECAP with up to four passes at elevated temperatures. In order to quantify the inhomogeneity in the cross section of the as-pressed sample, a deformation inhomogeneity index " I i is defined as
where H max , H min , and H ave denote the maximum, minimum, and average hardness, respectively, in the cross-section plane.
Experimental Method
A commercial Al6061 alloy, having a composition of 1.001 wt.% Mg, 0.693 wt.% Si, 0.088 wt.% Mn, 0.211 wt.% Cu, 0.478 wt.% Fe, and the balance Al, was used in this study. All bar type samples were annealed for 3 h at 530°C, and then water quenched prior to testing. The samples were extruded at 100, 150, and 200°C through Route B c using ECAP dies with tool angles of U = 90°and W = 10°using a hydraulic press of 200 ton capacity, with pressing speeds of 10 and 50 mm/min, hereafter referred to as low pressing speed (LPS) and high pressing speed (HPS), respectively. These die angles were chosen based on earlier finite element studies , which were shown to induce optimal strain homogeneity in the processed materials. Before ECAP, the billets were heated for 15 min at each working temperature and quickly inserted into a die channel heated to the same temperature. A MoS 2 suspension was used as the lubricator and the billets were extruded for up to four passes.
Samples of 5 mm thickness were immediately cut prior to any natural aging and prepared along the longitudinal direction for hardness testing. The circular cross section was mechanically polished using abrasive papers of up to 4000 grit. In order to verify the inhomogeneity, individual values of the hardness were measured on two orthogonal diameters of the billet, hereafter referred to as bottom-to-top and left-to-right (BT and LR) directions, in incremental steps of 0.5 mm. Hardness measurements were carried out using an FM-700 Microhardness Vickers tester and 2000 gf loads were applied at 80 locations for a dwell time of 20 s in two perpendicular directions in order to investigate the inhomogeneity and the average hardness. Imaging and analyses were conducted in the scanning TEM mode (STEM) on a JEOL JEM-2100 instrument at 200 kV equipped with an Oxford (INCA) EDS system. Images in both TEM and STEM modes and analyses in STEM mode were also collected on a JEOL 2100 instrument at 200 kV equipped with an EDAX (Phoenix) EDS system.
Results and Discussion
More information about the inhomogeneity can be obtained through the cross-section plane by plotting data, as shown in Fig. 1-3 , where the hardness results are listed against the distance from the center along two diameters of the billet in the LR and BT directions. It is clear from Fig. 1-3 that the first pass of ECAP at all temperatures introduces an inhomogeneous hardness distribution into the cross section of the billet. The unpressed billet exhibited reasonable homogeneity with hardness of 70.1 ± 5 HV throughout the cross section (Ref 3).
Hardness of the ECAP-Processed Billet
3.1.1 ECAP Processing at 100°C. At LPS, the hardness distributions curves for the as-pressed samples using two different pressing speeds show reasonable inhomogeneity of the hardness value distributions over the entire cross-sectional planes. The LR direction is more homogeneous than the BT direction because there is a small inhomogeneous zone in the vicinity of the bottom surfaces of the samples, where the hardness values are lower than the average value. The inhomogeneities observed at the lower surfaces of the billets are due to the evolution of a shearing zone during ECAP. The increase in hardness continues to slowly increase throughout the entire cross section during consequent passes and this is due to the increasing strain during ECAP. The result in Fig. 1(c) and (d) demonstrates that at LPS, the hardness increases significantly after a single pass and continues to increase up to four passes.
At HPS, the most inhomogeneous region, which has low hardness values, is in the vicinity of the lower surface of the billet. In the subsequent passes, this region with lower hardness values gradually reduces in size and the discrepancy between these values with the average hardness decreases, but remains substantial. It should also be noted that the lower parts of the billet move faster than the upper part through the deformation zone of the ECAP die (Ref 6) . On the other hand, in the LR direction, the hardness becomes more homogeneous with an increasing number of passes.
Contrary to the case of HPS, at LPS, the trend of a continued increase of hardness reveals that the hardness for the Al6061 alloy is not saturated after four passes of ECAP. The observed increased hardness in the alloy at LPS indicates that the age hardening effect is more dominant than the softening effect.
3.1.2 ECAP Processing at 150°C. From the second pass at 150°C and HPS, the hardness values are essentially independent of the number of passes. At these conditions, there is an increase until the second pass for the alloy up to a maximum value of $160 HV, and thereafter the hardness is saturated, i.e., it remains almost unchanged in the subsequent passes until the fourth pass in the present investigation. However, careful examination of the hardness variation after the third and fourth passed shows that the increase in the hardness is not identical for the entire cross section, and there is an extensive area in the vicinity of the center plane where the VHNs are noticeably both lower and higher than average. Vaseghi et al. (Ref 2) showed that these discrepancies in the hardness data are due to macroscopic adiabatic shear banding (ASB). Due to existing ASB, there is an almost homogeneous region that is confined within a width of $4 mm in the center of the billets in all passes, thereby demonstrating improvement in the homogeneity of the hardness distribution with an increasing number of passes.
The results in Fig. 2 demonstrate that at 150°C and LPS, the hardness increases significantly after two passes and thereafter remains reasonably constant when the sample is pressed to four passes. At LPS, the bottom side has higher hardness than the top side especially after the fourth pass. Moreover, the hardness data of the first and third passes are close to each other, as also are the second and fourth passes. At HPS, there is again a large difference between the hardness data of the first pass and the other passes; these results are the same as those obtained under LPS at 100°C. Fig. 3 that the hardness of the material increases considerably after one pass of ECAP by a factor of approximately 92, and this increase occurs over the entire cross section of the sample. Also, Fig. 3 clearly shows that the homogeneous area tends to cover a larger fraction of the crosssectional plane in the pressed sample when the number of 
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Fig. 2 Hardness profiles in the transverse cross section of the ECAP-processed Al6061 at 150°C and the ram speed of (a) HPS-BT, (b) HPS-LR, (c) LPS-BT, and (d) LPS-LR
passes increases from the second pass. Another significant discovery from Fig. 3 is that the inhomogeneous deformation covers a larger area in the sample pressed using LPS relative to that passed using HPS. This difference may due to the larger contact time through the die-sample interface for the LPS condition.
At LPS, the hardness values for the sample continue to increase up to the second pass of ECAP over the entire cross section, but thereafter begin to decrease with a higher number of passes. Hence, an increasing number of passes is required in order to achieve a reasonably homogeneous microstructure. In other words, increasing the number of passes and rotation of the sample in each subsequent pass accelerates homogenization of the strain and almost uniform hardness is anticipated through the cross section of the samples.
Inhomogeneity Index
The increasing homogeneity/inhomogeneity with increasing number of passes, temperature, and pressing speed can be illustrated directly by calculating and plotting an inhomogeneity index versus the number of passes. The deformation inhomogeneity index " I i of this pressing condition, calculated according to Eq 1, is shown in Fig. 4 . At 100°C, although the deformation inhomogeneity index decreases with an increased number of passes, it still exceeds 0.1 when the number of passes is four.
In the LPS, at both of 150 and 200°C, the inhomogeneity increases up to the second pass and then the material becomes more homogeneous with further pressing. By contrast, it is obvious that the inhomogeneity is efficiently limited after four passes of ECAP under the LPS condition. This result again verifies that the homogeneity develops through repetitive pressing, although large inhomogeneity is introduced in the second pass. In the LPS condition, the alloy requires more time to achieve an equilibrium structure of ultrafine grains, and therefore the development of homogeneity in the case of HPS is slower than that at the LPS condition. For LPS, homogeneity develops with an increasing number of passes after the second pass and the material quickly achieves homogeneity over the entire cross-sectional plane. At 200°C and HPS, the billet exhibits reasonable homogeneity in the unpressed condition with hardness of 70.1 ± 5 HV throughout the cross section and there is marked inhomogeneity after one pass, with a hardness value of 133 ± 11.4 HV (Ref 3).
Microstructural Observations
During the deformation of Al alloys, at least five slip systems must be activated in order to compensate the plastic deformation; therefore, elongated subgrains or cells are formed within each grain through the first pass of ECAP and these cells progressively develop with additional passes into arrays of ultrafine grains separated by high angle grain boundaries (Ref 3). However, it is important to note that the level of attained homogeneity depends on the characteristics of the material. These various trends are associated with differences in the material properties including the rates of hardening and softening. In Al6061, the alloying elements act as barriers to the dislocation movement via a solid solution state and/or the formation of nanoprecipitates. Figure 5 shows polarized optical Figure 6 shows bright and dark field images of the microstructures recorded in the sample processed at 200°C and HPC after the second pass. At 100°C, the dislocation structure has higher stability than at other higher temperatures due to inadequate driving force for dynamic recovery.
By increasing the number of passes, the dislocation density increases and cell structures can be observed and grains with well-defined boundaries will develop. The average grain sizes were calculated by measuring at least 20 individual grains and then estimating the 95% confidence limits. The microstructure exhibited a very fine grain structure with an average radius of 340 and 160 nm with a relatively low internal dislocation density after the fourth pass at 100 and 150°C, respectively. Since the initial grain size of the alloy was recorded as $ 38 lm prior to ECAP, these measurements show that the grain size is reduced significantly in the fourth pass. Variation of hardness data is due to variations in grain/subgrain size and dislocationsolute atoms/-precipitationsÕ interactions. Bright field (BF) and dark field (DF) TEM images in Fig. 6 show a random distribution of initial precipitates (which are formed after one ECAP pass) less than 200 nm in size within grains. Very high stress imposed on the billets during ECAP leads to a fragmentation of the precipitates. The precipitates are fragmented by shearing into several pieces, which inhibits growth phenomena. Further plastic deformation by ECAP on such a matrix may be expected to lead to a very fine microstructure, reinforced by a good distribution of precipitates that could significantly improve the mechanical properties. The increased diffusion at higher temperatures and the physically powerful stress field induced by the noteworthy amount of dislocation density and other defect concentrations accumulated during ECAP increase the kinetics of the diffusion-controlled reactions. Therefore, precipitation kinetics at higher temperatures is expected to be significantly accelerated, and hence some tiny coherent precipitates are formed mostly on defects and some initial precipitates grow up to form stable b which has an incoherent interface with the matrix. Existing secondary nanoprecipitates (tiny white spots) which are formed due to dynamic aging in the warm pressing are clear in the DF image. Both initial and secondary precipitates, in fact, inhibit grain growth by impeding grain boundary mobility. Furthermore, in the higher number of ECAP passes, the precipitation kinetics through the ECAP of Al6061 is expected to be significantly accelerated as a result of the large defect concentration resulting from deformation.
It was found by the authors (Ref 3 ) that the hardening rates of solid solution-treated or partially aged Al alloys are higher than those of peak-aged and overaged Al alloys because dynamic recovery is more effectively suppressed by the high solute content in the matrix.
Conclusions
Based on the results achieved in this research, by a combination of SPD due to the ECAP process and dynamic aging during the process, the hardness of Al6061 alloy is significantly increased. The effective strengthening effect of ECAP processing in elevated temperature is linked to (1) a higher dislocation accumulation rate in the matrix due to in situ precipitation; (2) suppression of DRV by pinning the grain boundaries via the existence of nanoprecipitates; and (3) by reducing the mean free path of dislocations and changing the precipitate distance instead of the grain size as the main contributor to improved hardness. Performing ECAP at 100°C may provide the most homogeneous microstructure after multipressing as long as the total pressing passes are four. In LPS, for both 150 and 200°C, the inhomogeneity increases up to the second pass and the material then becomes more homogeneous by further pressing.
